Approximately 15% of human couples of reproductive age have impaired fertility, and the male component accounts for about half of these cases. The etiology is usually unknown, but high correlation with the increase in obesity rates is documented. In this study, we show that diet-induced and genetically obese mice display copulatory behavior comparable to controls, but the number of females impregnated by obese males is remarkably low. Screening for changes in gene expression in the male reproductive tract showed decreased Crisp4 expression in testis and epididymis of obese mice. Lack of CRISP4 in the luminal membrane of epididymal cells indicated inadequate secretion. Consistent with CRISP4 action in acrosome reaction, sperm from mice fed a high-fat diet (HFD) had decreased fertilization capacity. CRISP4 treatment of sperm from HFD mice prior to in vitro fertilization improved fertilization rate. In leptin-deficient obese and infertile mice, leptin's effect to restore CRISP4 expression and function required gonadal hormones. Our findings indicate that the obesity-induced decline in sperm motility and fertilization capacity results in part from the disruption of epididymal CRISP4 expression and secretion. (Endocrinology 158: 2930(Endocrinology 158: -2943(Endocrinology 158: , 2017 
I nfertility affects ;15% of couples of reproductive age, and the male factor accounts for 20% to 50% of all cases (1) . Declines in semen quality, in the mean concentration of sperm, and sperm motility have been documented in recent years (1) (2) (3) . The precise cause remains unknown, but increasing rates of obesity and metabolic syndrome have been linked to decreased testosterone levels and subfertility or infertility in men (1, (4) (5) (6) . However, inconsistent findings have been reported. For example, studies focused on sperm parameters described an inverse relationship between body mass index and sperm motility, but a meta-analysis study found a weak correlation between obesity and sperm parameters in general (7, 8) .
The negative impact of obesity on testosterone production is also controversial. Cases of subfertile obese subjects with either normal or decreased testosterone levels have been reported. Whereas changes in gonadal steroid levels may contribute to obesity-induced male infertility, data from assisted reproductive technology suggest that they may not be the only cause. Obesity in men is associated with decreased pregnancy rates and increased pregnancy loss in couples subjected to assisted reproductive technology (6, 9) . These effects seem to be due to impaired fertilization capacity and/or blastocyst development via unknown mechanisms (6, 10) . Notably, following intracytoplasmic sperm injection, the fertilization rate is dramatically improved, indicating that obesity may alter sperm maturation, capacitation, and their ability to bind and fertilize the egg (9) . Consistent with findings in men, capacitation and sperm binding are both compromised in obese mice (11) (12) (13) (14) (15) .
Increased adiposity elevates the circulating levels of the adipocyte-derived hormone leptin, which signals energy sufficiency to the brain (16, 17) . Leptin signalingdeficient mice and humans are obese and infertile (18) (19) (20) (21) (22) (23) (24) (25) . Conversely, excess leptin as in obesity may lead to a resistant state, resulting in decreased activation of the hypothalamo-pituitary-gonadal (HPG) axis (16, (25) (26) (27) . In previous studies, we showed that re-expression of endogenous leptin receptor in specific hypothalamic neurons of leptin receptor null infertile mice improves the reproductive function of female, but not of male mice (28) . Those mice were still morbidly obese and null for the long form of leptin receptor in all other tissues, including testis. Although intriguing, this sexually dimorphic response raised the hypothesis that the high adiposity would preclude the restoration of fertility in males via actions outside the HPG axis. To test this model and to gain insights into the decreased fertilization capacity of obese males, we performed a systematic evaluation of the copulatory capacity, hormone levels, and molecular changes in the reproductive tract of diet-induced and genetically obese mice.
Materials and Methods

Ethics statement
All procedures were carried out with prior approval of the University of Michigan Institutional Committee on Use and Care of Animals (Animal Protocols: PRO04380, PRO06792), in accordance with the guidelines established by the National Research Council Guide for the Care and Use of Laboratory Animals.
Animals
Adult (8 to 10 weeks old) and prepubertal (3 weeks old) male C57BL/6 (JAX ® mice, stock no. 000664), B6.Cg-Lep ob /J (ob/ ob; JAX mice, stock no. 000632), B6.129(Cg)-Lepr tm2(cre)Rck /J (LepR-Cre; JAX mice, stock no. 008320), and B6.CgGt(ROSA)26Sor tm14(CAG-tdTomato)Hze /J (R26-tdTomato; JAX mice, stock no. 007914) mice were housed in the University of Michigan animal facility, in an environment controlled for light (12 hours on/off) and temperature (21 to 23°C). Mice had ad libitum access to water and food. To visualize the Leprexpressing cells, we crossed LepR-Cre mice, a knock-in strain that expresses Cre-recombinase driven by the Lepr gene, previously described and validated (29, 30) , with R26-tdTomato mice that express a red fluorescent protein following Cre recombinase excision of loxP sites. When mated to LepR-Cre mice, red fluorescence is detected only in cells that express Lepr. Obesity was induced by feeding wild-type (WT) males for 16 weeks with phytoestrogen-reduced high-fat diet (HFD; 42% of kilocalories from fat, TD.88137 Teklad Global Diet; Envigo, Madison, WI). The control group received phytoestrogenreduced regular diet (RD; 4% of kilocalories from fat, 2016 Teklad Global 16% Protein Rodent Diet; Envigo). Phytoestrogen-reduced diets were used to avoid the effect of exogenous sex steroids. Body weight was monitored weekly during the study. Experiments were performed between 0900 and 1100 hours.
Assessment of reproductive phenotype
At 10 weeks of age, WT male mice (assigned to three independent trials, n = 9 to 10 mice/trial) were bred with WT females of proven fertility (four females/male), for 1 week (T0). Females were monitored daily for copulatory plugs (coagulated semen) as a sign of mating behavior. Males were then individually housed and randomly assigned to two groups: those on RD (n = 14; four to five mice/trial) and those on HFD (n = 14; four to five mice/trial). After 12 weeks, males were bred with WT of proven fertility (four females/male) for 1 week (T12). Mice were kept on RD or HFD for another 3 weeks (time required to confirm female pregnancy and litter size) and were decapitated under isoflurane (Fluriso; Vet One, Boise, ID) anesthesia. Blood, hypothalamus, pituitary gland, testis, epididymis, and sperm were collected for analysis. Another set of WT and leptin-deficient ob/ob male mice (8 to 10 weeks of age; n = 6 to 10 mice in two trials), fed with RD, was tested for fertility as described and was euthanized for collection of blood, testis, epididymis, and sperm.
Blood, sperm, and tissue collection
Blood was collected from the trunk, clotted for 2 hours at 4°C, and centrifuged at 3000 rpm for 20 minutes at 4°C; serum was obtained and assayed for changes in hormone levels. The mediobasal hypothalamus (MBH) was dissected (thickness: 2.0 mm) from an area 1.0 mm lateral to the midline, at the anterior border of the optic chiasm and the anterior border of the mammillary bodies. The MBH and the pituitary gland were placed in liquid nitrogen, stored at 280°C, and processed for RNA isolation. Testes and epididymides were collected and placed into 37°C HEPES-modified human tubal fluid media (Irvine Scientific, Irvine, CA) supplemented with 3 mg/mL bovine serum albumin (BSA; fatty acid free; Thermo Fisher Scientific, Waltham, MA). Testes and epididymides were separated, blotted dry, and individually weighed. One testis and one epididymis were frozen at 280°C and processed for gene expression. The contralateral testes and epididymis were processed for histology or used for sperm collection.
Assessment of sperm motility
One cauda epididymis from each animal was placed into a 35-mm dish containing 1.5 mL bicarbonate-buffered human tubal fluid media (Irvine Scientific) supplemented with 3 mg/mL BSA and overlaid with liquid paraffin (ORIGIO-MediCult, Knardrupvej, Denmark). The 35-mm dishes and their contents were equilibrated overnight in a 37°C humidified, 5% CO 2 , and air incubator prior to use. The epididymis was quickly ruptured using tuberculin syringes with 26G needles, and epididymal sperm was gently squeezed out of the tubules. Dishes containing dissected cauda epididymis and released sperm were incubated for 30 minutes in a 5% CO 2 air incubator at 37°C, followed by removal of epididymal tissue, mixing of sperm suspension by gently swirling, and subsequent assessment of sperm motility. Sperm suspensions were diluted 1:10 in preequilibrated human tubal fluid media/BSA media (37°C), loaded on prewarmed glass slides (37°C), covered with a prewarmed glass coverslip, and allowed to sit for 20 seconds before analysis. Sperm motility was blind-assessed at 37°C using an ocular reticle on a Leica DM-1000 microscope at 3200 magnification. At least 200 sperm were counted in each sperm sample, within 2 minutes of removal from the incubator. The sperm motility data were recorded as number of progressive motile sperm per total number of sperm within the grid 3 100.
Serum hormone analyses
Serum was assayed for determination of testosterone, aldosterone, corticosterone, 11-deoxycorticosterone, progesterone, and 17-hydroxyprogesterone levels in mice treated with RD or HFD, using tandem mass spectrometry (31, 32) , at the University of Michigan Mass Spectrometry Core Services (Ann Arbor, MI). Testosterone levels of WT and ob/ob mice were assessed with a mouse/rat enzyme-linked immunosorbent assay kit (IBL International, Tecan Group, Morrisville, NC). Analysis of luteinizing hormone (LH) levels was performed using a mouse/rat LH multiplex assay, and the lowest detection limit was 0.04 ng/mL. Estradiol levels were evaluated with immunoassays (Calbiotech, Spring Valley, CA), and the lowest detection limit was 3 pg/mL. Both LH and estradiol measurements were performed by the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core (Charlottesville, VA).
Gene expression by real-time reverse transcription polymerase chain reaction Total RNA was isolated from MBH, pituitary gland, testis, or epididymis using RNA extraction kit, Qiazol Reagent (miRNeasy; Qiagen, Hilden, Germany), and DNase treatment (RNase-free; Qiagen). The complementary DNA was synthesized using Superscript II and random primers (Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. For validation, quantitative real-time polymerase chain reaction was performed on a CFX-384 Bio-Rad reverse transcription polymerase chain reaction detection system (Hercules, CA) using SYBR ® Green Gene Expression Assays, and primer pairs were synthesized by Sigma-Aldrich (St. Louis, MO) or IDT (Coralville, IA). All samples and standard curves were run in triplicate. Water instead of complementary DNA was used as a negative control, and Gapdh was used as housekeeping gene. Determination of gene transcript levels in each sample was obtained by the DD threshold cycle (Ct) method (33) . The Ct of messenger RNA (mRNA) was measured and normalized to the average of the housekeeping genes (DCt = Ct Unknown 2 Ct Housekeeping gene ). The fold change of mRNA in the unknown sample relative to control group was determined by 2
2DDCt
, where DDCt = DCt Unknown 2 DCt Control . Data are shown as a percentage of the relative mRNA expression to the control group. The primers are described in Table 1 . The screening of the mRNA content in the testis was performed by quantitative polymerase chain reaction (qPCR) array for male infertility (PAMM-165Z RT 2 profiler; Qiagen). A list of genes in the array is available at the following website: https://b2b.qiagen.com/be/shop/pcr/primer-sets/rt2-profiler-pcr-arrays?catno=PAMM165Z#geneglobe. Data from the qPCR array were represented using the heat-map function of GraphPad Prism 7 software (GraphPad, La Jolla, CA).
Immunoblot analysis
Total protein from the epididymides was extracted using 1% Triton X-100, 25 mM Tris (pH 8.0), 1.5 mM EGTA, 0.5 mM EDTA, and protease inhibitor cocktail (PhosphoStop; Roche, Basel, Switzerland) at 4°C and 15,000g for 30 minutes. Aliquots of the lysates containing 15 mg protein were denatured in Laemmli buffer and b-mercaptoethanol (Bio-Rad) at 95°C for 5 minutes. Samples were blotted onto a nitrocellulose membrane. Nonspecific binding was prevented by immersing the 
membranes in blocking buffer (3% BSA in Tris-buffered saline-Tween 20) for 60 minutes at room temperature. The membranes were then exposed overnight to the primary antibodies, as follows: rabbit anti-GAPDH (1:4000, no. 5174; Cell Signaling, Danvers, MA; Table 2 ) and sheep anti-CRISP4 (0.2 mg/mL, AF5017; R&D Systems, Minneapolis, MN). The blots were rinsed in Tris-buffered saline-Tween 20 and incubated in horseradish peroxidase-conjugated anti-rabbit (1:4000, no. 7074; Cell Signaling) or anti-sheep antisera (1:4000, 713-035-003; Jackson Laboratories, Baltimore Pike, PA) for 1 hour at room temperature. Antibody-antigen complexes were visualized by detecting enhanced chemiluminescence using an ECL detection system (Thermo Fisher Scientific) and digital imaging with Chemi Doc XRS + Image Laboratory TM software (Bio-Rad). Expression of CRISP4 protein was normalized to the expression of GAPDH. Data were analyzed as relative expression (%) respective to control mouse (WT-fed RD).
CRISP4 immunostaining
To assess the distribution of the LEPR in the epididymis, we used the LepR-Cre/R26-tdTomato reporter mice. CRISP4 immunoreactivity was assessed in LepR-Cre/R26-tdTomato mice, WT, and ob/ob mice (n = 3 to 4 mice/group). Mice were anesthetized using isoflurane and were transcardially perfused with saline, followed by 4% formaldehyde in 0.1 M phosphatebuffered saline (PBS). Epididymis was dissected, postfixed in the same fixative for 1 hour, placed in PBS containing 20% sucrose overnight, and sectioned in a cryostat (30-mm sections, five series) in the frontal plane. Series of epididymis sections were collected directly onto slides and processed for CRISP4 immunostaining. The tdTomato red fluorescence expressed specifically in Lepr cells does not require additional staining. Prior to antibody incubation, nonspecific binding was prevented by immersing the slides in blocking buffer (PBS, 3% normal donkey serum, and 0.25% Triton X-100) for 1 hour at room temperature. The sections were incubated for 24 hours at 25°C with sheep anti-CRISP4 primary antibody (1:1000, AF5017; R&D Systems). After rinses, sections were incubated for 2 hours at room temperature with donkey anti-sheep conjugated with AlexaFluor 488 (1:400, A-11015; Thermo Fisher Scientific). Sections were coverslipped with Fluoromount-G mounting medium (Southern Biotechnology Associates, Birmingham, AL). The CRISP4 immunoreactivity (green fluorescence) and the Lepr reporter gene (tdTomato, red) were analyzed using an Axio Imager M2 microscope (Carl Zeiss, Orbenkochen, Germany).
Superovulation and egg production for in vitro fertilization
Egg donors (4-to 6-week-old WT female mice) were intraperitoneally (IP) injected with 0.1 mL pregnant mare's serum gonadotropin (Sigma-Aldrich) (5 IU) at 2100 hours (day 1). Forty-eight hours later (2100 hours, day 3) they were IP injected with 0.1 mL human pregnancy urine chorionic gonadotropin (Sigma-Aldrich) (5 IU). Thirteen hours after human pregnancy urine chorionic gonadotropin injection, eggs were collected from the oviducts, and 60 to 85 eggs were placed in in vitro fertilization (IVF) dish containing IVF media (K-RVFE-50; Cook Medical, Bloomington, IN) at 37°C, 5% CO 2 .
Mouse sperm collection and IVF
Testes, epididymides, and distal vas deferens were removed from adult RD and HFD (8 months old, n = 5) and WT and ob/ ob males (10 weeks old, n = 5 to 9). Epididymis and distal vas deferens were placed in one well of an IVF dish with IVF media (K-RFVE-50; Cook Medical). After 10-minute incubation at 37°C and 5% CO 2 , the number of total sperm and nonmotile sperm was accessed in a Makler counting chamber at 3200 magnification (Makler 1980; Irvine Scientific). When stated, sperm from HFD or ob/ob mice was treated with vehicle (ultrapure PBS, pH 7.4; Thermo Fisher Scientific) or 1.5 mM recombinant mouse CRISP4 protein (5017-CR-050; R&D Systems), 1 hour before incubation with eggs. Concentration of CRISP4 (0.15 mM, 1.5 mM, and 15 mM) and duration of treatment (1 hour or 2 hour) were defined in pilot studies (data not shown). Equal numbers of progressive motile sperm (10 7 /mL) from each mouse were placed with eggs from WT female mice. Sperm and eggs were incubated for 4 to 5 hours. The sperm was removed from the IVF dish using a potassium-supplemented simplex optimized medium media (ZEKS-050; Zenith Biotech, Cuilford CT), and, 24 hours later, the number of two-cell-stage embryos was assessed. Four to five days later, the number of blastocysts was estimated.
Orchidectomy
To address the effects of leptin and gonadal hormones on CRISP4 content and cellular/subcellular localization, intact or orchidectomized adult (8 to 10 weeks old) ob/ob mice (four mice/group) were treated with IP injection of leptin (2.5 mg/g/ day, twice daily) for 7 days. Ten days before euthanasia, testes were removed and the epididymides remained in the pelvic cavity. Three days later, mice received IP injections of leptin for 
Statistical analysis
The results are expressed as means 6 standard error of the mean and were analyzed using the GraphPad Prism 7 software. Two-way analysis of variance (ANOVA) followed by Newman Keuls post hoc test was used to compare fertilization rates. Comparison of body weight, mRNA expression, and hormone levels between two groups (RD and HFD or WT and ob/ob) was carried out using the unpaired two-tailed Student t test. To evaluate the net effect of HFD on the copulatory plugs, log-rank (Mantel-Cox) test was performed. Kruskall-Wallis test for oneway ANOVA was used to compare percentage of sperm motility, percentage of embryos developed to blastocysts, as well as testosterone levels in WT, ob/ob, ob/ob intact + leptin, and ob/ob gonadectomized + leptin. Ordinary one-way ANOVA followed by Tukey multiple comparisons test was used to compare Crisp4 expression in the epididymis of WT, ob/ob, and WT prepubertal mice and CRISP4 protein expression. Differences were accepted as significant at P , 0.05. Post hoc power calculation for each experiment was conducted, and type II error was considered at 20% threshold.
Results
Obesogenic diet disrupts leptin signaling in the testis
Mice fed HFD for 16 weeks showed increased body weight compared with mice fed RD (t = 9.38; df = 14; F = 6.029, P = 0.0418) [ Fig. 1(a) ]. No difference in the average weight of the testis (RD: 110.2 6 2.2 mg; HFD: 104.6 6 1.8 mg; P = 0.11) or epididymis (RD: 66.7 6 2.7 mg; HFD: 65.2 6 2.6 mg; P = 0.72) was detected after HFD. Leptin levels are elevated in obese individuals, favoring the development of leptin resistance (16, 17, 26, 27) . In agreement with this observation, the HFD obese mice showed elevated transcripts for inhibitors of leptin signaling, such as the suppressor of cytokine signaling 3 (P , 0.05; t = 4.715; df = 14; F = 1.026) and the protein tyrosine phosphatase 1B (P , 0.05; t = 3.064; df = 14; F = 4.274) in the MBH [ Fig. 1(b) ]. In testis, however, mice fed HFD showed a reduction in the expression of the leptin receptor (Lepr) gene (P , 0.05; t = 2.657; df = 12; F = 1.853) but no changes in the expression of metabolismassociated intracellular signaling genes compared with controls [ Fig. 1(c) ].
Mice on HFD show sexual behavior but have low fertility rates
All males (8 to 10 weeks old) were initially tested for fertility for 1 week (T0, four females/male) and were assigned to two groups: RD or HFD. After 12 weeks (T12) on their respective diets, fertility testing was repeated (four females/male) to evaluate the impact of HFD on reproductive capacity. The percentage of copulatory plugs observed between the two groups at T0 and T12 was similar [ Fig. 2 (a) and 2(b)], suggesting that obesity does not affect sexual behavior in mice. Males fed RD had comparable pregnancy rates at T0 and T12. However, the percentage of females impregnated by males fed HFD was significantly reduced (P = 0.0005; F (1,28) = 15.39) [ Fig. 2(c) ]. After 12 weeks on HFD, only two of seven obese males produced offspring, whereas all males on RD produced litters. Before HFD (T0), all males impregnated at least two females (78.5% of the females: 22 from a total of 28). However, at T12, the two fertile males impregnated only three females (10.7%, from a total of 28 females). Overall, the fertile mice from both groups had comparable litter sizes (RD: 5.9 6 0.31 pups at T0 and 6.25 6 1.75 pups at T12; HFD: 5.9 6 0.41 pups at T0 and 7.5 6 0.52 pups at T12), and the latency for pregnancy and delivery was not affected (RD: t = 0.3152; df = 16; F = 1.118; P = 0.8781; HFD: t = 0.05394; df = 8; F = 1.681; P = 0.8375) [ Fig. 2(d) ]. Unpaired two-tailed Student t test was performed. Data are expressed as mean 6 standard error of the mean (n = 6 to 11). *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
Pituitary-gonadal axis is disrupted in HFD males
We then assessed the hormonal and molecular changes in mice fed RD or HFD. Only the infertile HFD mice were considered for these analyses (n = 5). The expression of the b subunits of LH and follicle-stimulating hormone (Lhb and Fshb, respectively) genes in the pituitary gland was unchanged [ Fig. 2(e) ]. In the testes of HFD mice, the expression of follicle-stimulating hormone receptor Figure 2 . Diet-induced obesity does not change copulatory behavior, but impairs fertility and pituitary-testicular axis. (a and b) Graphs showing the percentage of females with copulatory plugs after mating with males in RD or HFD (a) at T0 (beginning of diet) and (b) T12 (after 12 weeks in RD or HFD). The percentage of females with copulatory plugs was similar between groups, both at T0 (RD: 100%; HFD: 91.66%) and T12 (RD: 93.54%; HFD: 100%) (four female/male; n = 7 to 9 males). Log-rank (Mantel-Cox) test was performed. (c and d) Bar graphs showing (c) the percentage of pregnant females after mating with males in RD or HFD and (d) latency for pregnancy. At T0 (before diet change) all seven HFD males impregnated at least two females (22 from a total of 28). However, at T12 only two males impregnated three females from a total of 28, demonstrating a dramatic reduction in the fertility rate after exposure to obesogenic diet. No difference in latency for pregnancy was observed. Two-way ANOVA followed by Newman Keuls post hoc test was performed. (e-g) Bar graphs showing the Lhb and Fshb mRNA expression (e) in the pituitary, (f) the Lhcgr and Fshr, and (g) the Star, Cyp11a1, and Cyp17a1 mRNA expression in the testis of mice fed RD (4% fat) or HFD (42% fat) for 16 weeks. Data are expressed as mean 6 standard error of the mean (n = 5 to 9). *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
(Fshr) gene was unaltered, but the expression of LH/ choriogonadotropin receptor (Lhcgr) gene was reduced (P , 0.05; t = 2.753; df = 12; F = 4.362) [ Fig. 2(f) ]. We next assessed the expression of genes associated with steroidogenesis in the testis. We observed reduced expression of Star (steroidogenic acute regulatory protein) (P , 0.05; t = 3.082; df = 12; F = 1.110), no changes in Cyp11a1 (cytochrome P450, family 11, subfamily A, polypeptide 1), and a decreasing trend for Cyp17a1 (P = 0.06, cytochrome P450, family 17, subfamily A, polypeptide 1) in HFD compared with RD mice [ Fig. 2(g) ].
Next, we performed a comprehensive analysis of circulating levels of steroids using tandem mass spectrometry (Table 3) . Testosterone was reduced in HFD males only when two cohorts were combined (P , 0.05; t = 2.708; df = 19; F = 4.561). Significance was never attained within individual cohorts (cohort 1: P = 0.058, n = 5 to 9; cohort 2: P = 0.055, n = 6 to 7). Estradiol levels were below the detection limit of the assay (3 pg/mL) in all mice regardless of diet.
Obese infertile mice have decreased Crisp4 expression in the testis and epididymis
Given the negative impact of obesity on fertility despite normal copulation, we performed a screening of gonadal genes previously associated with male infertility. RNA from the testis of fertile mice fed RD and infertile mice fed HFD were isolated and hybridized to a qPCR array. From 84 genes evaluated in the array, 8 genes in the HFD group had at least a 50% change in relative expression compared with controls in RD [ Fig. 3(a) and 3(b) ]. The identified genes were subsequently validated using qPCR in a larger group of animals (n = 9, RD; n = 5, infertile HFD). Three of the eight candidate genes found in the array (Lepr, Lhcgr, and Crisp4) were markedly reduced in the testis of HFD mice (Crisp4: P , 0.0005; t = 3.295; df = 12; F = 165.4; Lhcgr: P , 0.04; t = 2.408; df = 10; F = 10.46; Lepr: P , 0.05; t = 3.186; df = 11; F = 2.984) [ Fig. 3(c) ]. A reduction in Crisp4 mRNA expression (P , 0.05; t = 2.318; df = 10; F = 3.162) and a trend toward a reduction in Lepr gene expression (P = 0.051; t = 2.165; df = 12; F = 1.511) were also found in the epididymis of mice in HFD [ Fig. 4(a) ].
The fertilization capacity of sperm from obese HFD mice was restored by in vitro CRISP4 treatment
To assess whether altered Crisp4 expression affects the motility and fertilization capacity of sperm from obese mice, we performed IVF with sperm from WT mice fed RD or HFD. Five age-matched RD and HFD mice (28 to 30 weeks old) were used as sperm donors. Sperm from HFD mice was divided into two groups, one treated with vehicle and another treated with 1.5 mM recombinant mouse CRISP4 protein. Sperm motility (percentage of motile sperm) and fertilization rates (number of eggs that undergo fertilization divided by the total number of eggs) were both reduced in HFD mice [ Fig. 4(b) ; Table 4 ]. In vitro CRISP4 treatment only marginally improved the motility but restored the fertilization rate of sperm from HFD mice [ Fig. 4(b) ; Table 4 ]. Of note, the percentage of two-cell embryos that developed into blastocysts was similar among groups [ Fig. 4(c) ].
Crisp4 expression is reduced in the reproductive tract of ob/ob mice
In humans and rodents, leptin-signaling deficiency causes obesity and infertility (20) (21) (22) (23) (24) . Because of the decreased expression of the Lepr gene in the testis and epididymis of HFD mice, we assessed whether the molecular correlates for the reproductive phenotype of HFD mice were comparable to that of leptin-deficient obese mice. Ob/ob mice have reduced testis (104.8 6 6.5 mg vs 64.02 6 3.31 mg; P , 0.0005) and epididymis weight (54.9 6 4.4 mg vs 32.2 6 2.1 mg; P , 0.005), as shown by others (21, 34, 35) . When mated with WT females of proven fertility, 80% of ob/ob mice showed sexual behavior with copulatory plugs in one week of fertility trial [ Fig. 5(a) ]. Remarkably, none of the females that mated with ob/ob males became pregnant. Similar to mice fed HFD, Lhcgr (data not shown) and Crisp4 expression were reduced (P , 0.05; t = 8.911; df = 7; F = 4.512) in the testis of ob/ob mice [ Fig. 5(b) ]. Because Crisp4 expression is very low in the epididymis of prepubertal mice, we In vitro CRISP4 treatment has no effect in fertilization capacity of sperm from ob/ob mice To assess whether altered Crisp4 expression in the testis affects the motility and fertilization capacity of sperm from ob/ob mice, we performed IVF with sperm from WT mice fed RD and from obese infertile ob/ob mice. Five adult (8 to 10 weeks old) WT control mice and nine ob/ob mice were used as sperm donors. Sperm from five ob/ob mice was divided into two groups, one treated with vehicle and another treated with 1.5 mM recombinant mouse CRISP4 protein. The IVF procedure was performed as previously described. Sperm from ob/ob mice also showed reduced sperm motility [ Fig. 5(e) ] and fertilization rates ( Table 4) . As observed in HFD mice, sperm motility of ob/ob mice was only marginally, not significantly, improved by in vitro CRISP4 treatment [ Fig. 5(e) ]. In contrast to HFD mice, in vitro CRISP4 treatment had no effect on the fertilization rate of ob/ob sperm ( Table 4 ). The percentage of two-cell embryos that developed into blastocysts was similar among groups [ Fig. 5(f) ].
Ob/ob mice show altered epididymal CRISP4 protein content and subcellular localization Because ob/ob mice had reduced Crisp4 mRNA expression in the epididymis compared with WT mice, we assessed CRISP4 protein expression and the effects of leptin treatment on epididymal CRISP4 of intact and castrated ob/ob mice. As expected, leptin treatment significantly reduced the body weight of both intact (P , 0.05; t = 2.989; df = 4; F = 1.497) and orchidectomized (P , 0.05; t = 4.403; df = 6; F = 1.028) ob/ob mice [ Fig. 6(a) ] and restored the testosterone levels of intact, but not orchidectomized ob/ob mice [ Fig. 6(b) ]. Ob/ob mice had reduced CRISP4 content in the epididymis, which was increased by leptin treatment [ Fig. 6(c) and 6(d) ]. This effect requires gonadal hormones, as leptin alone did not alter CRISP4 protein content in the epididymis of orchidectomized ob/ob mice [ Fig. 6(c) and 6(d) ]. (c) Graph shows mRNA expression of the candidate genes in the testis (n = 5 to 9). Unpaired two-tailed Student t test was performed. Data are expressed as mean 6 standard error of the mean. *P , 0.05; **P , 0.01.
To further define whether LEPR and CRISP4 are colocalized in epidydimal cells, we used LepR-Cre/R26-tdTomato reporter mice, which express red fluorescent protein in a Credependent manner. A layer of red-fluorescent cells was observed outside the ductus epididymis, indicating that LEPR is expressed in myoid, not epithelial cells [ Fig. 6(e) ]. In contrast, CRISP4 immunoreactivity was dense in the luminal membrane of the epithelial cells [ Fig. 6(f) ].
We then assessed the potential changes in CRISP4 subcellular localization. In WT mice, CRISP4 immunostaining was stronger in the apical (luminal) membrane of the epithelial cells, whereas in intact ob/ob mice, CRISP4 protein was restricted to the cytoplasm at the basal compartment of the epididymal cells. Leptin-treated ob/ob mice showed a similar pattern of CRISP4 protein localization to WT mice. Orchidectomized ob/ob mice showed abnormal epididymal histology characterized by disrupted structural organization. CRISP4 immunoreactivity was randomly localized in epididymal epithelial cells of orchidectomized ob/ob mice (Fig. 7) . These findings indicate that gonadal factors are crucial for the expression and subcellular localization of CRISP4, and that leptin has an indirect effect on CRISP4 content by modulating testosterone production. CRISP4 treatment restored the fertilization rate of HFD, but not of ob/ob sperm. a Parenthetical percentages = proportion of eggs that developed into blastocysts.
b The fertilization rate is calculated as the number of two-cell eggs divided by the total number of eggs 3 100.
Discussion
Diet-induced and genetically obese mice have decreased LH and low testosterone levels. These hormonal changes are not sufficient to preclude the copulatory behavior, but the fertility is dramatically reduced. Following a targeted transcriptome analysis, we found that Crisp4 expression is altered in the reproductive tract of obese mice. Decreased CRISP4 levels correlated with diminished ability of sperm to fertilize eggs. CRISP4 treatment prior to IVF restored fertilization rate of sperm from HFD mice. Our findings indicate that obesity-induced decrease in Crisp4 expression in the reproductive tract leads to decreased fertilization capacity and sub-or infertility in mice.
The proportion of overweight and obese men of reproductive age has dramatically increased in recent decades, and one of the correlates of high adiposity is reduced fertility (1, 6, 36) . In rodents, the impact of obesogenic diets on testosterone production is controversial (6, 13) . In humans, however, studies have reported that free testosterone is not altered in overweight men, but it is significantly decreased in severely obese men (37) . These findings suggest that the degree of obesity or other associated variables (i.e., diabetes, leptin resistance, and low-grade inflammation) may influence or aggravate the infertility phenotype.
The reduced activity of the HPG axis of obese mice might indicate an impairment of sexual behavior (11). However, because no difference in copulatory plugs between lean and obese mice was observed in our study, the low fertility rate is unlikely to be caused by the disruption of sexual behavior, as also noted by others (13) . The reduction in testosterone levels was not sufficient to alter sexual behavior but could disrupt the molecular pathways associated with sperm motility and fertilization capacity (12, 38) . The acquisition of progressive movement by the sperm is dependent on testosterone (39, 40) , but studies have also shown that diet-induced obese mice and rats had reduced sperm motility with no corresponding changes in testosterone levels (11, 13) . Our data support previous reports; however, although the number of motile sperm was decreased, approximately half of the sperm showed progressive motility, suggesting that poor motility alone was not the main cause of the dramatic decrease in fertility rate. In a search for molecular components that could add mechanistic insights, we performed a comparative screening of genes associated with male infertility using only infertile obese mice. We found a reduction in Crisp4 expression. CRISP4 is primarily secreted in the lumen of the caput epididymis, where it plays a role in the posttesticular maturation of the sperm (41) (42) (43) . It acts as an inhibitor of the transient receptor potential ion channel TRPM8, which is expressed in the sperm membrane and is a modulator of both sperm function and the acrosome reaction (42) . Crisp4 expression in the epididymal cells is regulated in an androgen-dependent manner, i.e., decreased after an orchidectomy and restored following testosterone treatment (44) . Fertilization rates in IVF of sperm from CRISP4-deficient mice were dramatically decreased (43) . In parallel with reduced Crisp4 expression, we observed a reduction in the expression of Lepr in the epididymides of mice fed HFD. Leptin has a permissive role in reproductive function. The lack of leptin signaling causes infertility due to decreased activation of the HPG axis (21, 25, 35) . Increased circulating leptin levels, as observed in obese states, impair leptin signaling, resulting in diminished gonadal steroid levels via indirect regulation of gonadotropin-releasing hormone neuronal function (16, 17, 45, 46) . This phenomenon, known as leptin resistance, is characterized by increased levels of suppressor of cytokine signaling 3, protein tyrosine phosphatase 1B, and phosphatase and tensin homolog in the hypothalamus, which impair the phosphorylation of STAT3, thus reducing the overall effects of leptin (26, 27) . In agreement with these reports, the diet-induced obese mice had a hypothalamic gene profile typical of leptin resistance. In the testis, however, only Lepr expression was altered, suggesting that the decrease in leptin signaling in the hypothalamus and testis of obese mice develops via distinct mechanisms. Of note, previous studies in rats have shown that leptin action in testis inhibits testosterone production via changes in the expression of steroidogenic enzymes (47, 48) . Together with the increase in leptin levels typical of obese states, our finding of decreased Lepr expression in testis indicates a compensatory response. Moreover, the expression of the leptin receptor by myoid, not epithelial, cells of the ductus epididymis suggests that leptin action is not directly associated with the modulation of epididymal CRISP4 expression.
To evaluate the role of leptin in Crisp4 expression, we used leptindeficient obese and infertile ob/ob mice. These mice have decreased LH and testosterone levels, reduced sperm motility, and deficient acrosome reaction. Leptin administration to ob/ob mice improves all reproductive parameters and restores fertility (21, 34, 35) . Despite decreased testis size and low testosterone, ;80% of obese ob/ob males showed successful copulatory behavior in 1 week of fertility testing, implying that the infertility of ob/ob males is not due to a lack of sexual behavior. Reduced sperm motility might play a role, but our observation that ;50% of the sperm were motile may not completely explain the infertility observed in our studies. Similar to mice fed HFD, ob/ob mice show low CRISP4 expression and altered CRISP4 subcellular localization. In vitro CRISP4 treatment of sperm from obese HFD or ob/ob mice reverses the low sperm motility, but the fertilization rates are improved only in HFD group. Leptin administration to ob/ob mice restores epididymal CRISP4, but these effects require the full action of the gonadal hormones, as observed by others in different experimental designs (44) . Whereas in vitro CRISP4 treatment of the sperm restored the fertilization capacity of mice fed HFD, sperm from ob/ob mice were unresponsive, indicating that factors beyond altered CRISP4 content and sperm motility contribute to the infertility of leptin deficiency. Our study demonstrates that the obesity-induced decrease in the activity of the HPG axis in mice is not sufficient to alter sexual behavior. Also, the reduction in the amount of motile sperm does not represent a definitive explanation for the remarkably low fertility rate. Obesity disrupts epididymal CRISP4 expression and subcellular localization, leading to a decrease in the capacity of the sperm to fertilize an egg. Our findings in mice offer additional insights to the understanding of obesity-induced infertility and the decreased fertilization rate of sperm from obese subjects.
